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This feature article focuses on the synthesis of amphiphilic hyperbranched polymers. There
is a growing interest in the properties of these nanostructured materials and the copoly-
merization of a vinyl and divinyl monomer in the presence of a chain transfer agent, pro-
vides a simple, versatile and scalable synthesis route. In particular the use of catalytic chain
transfer (CCT) will be highlighted. CCT is a very efﬁcient and versatile chemistry for molec-
ular weight control and the synthesis of vinyl x-end functionalized polymers (e.g.
macromonomers) in free radical polymerization. This makes CCT an interesting option
for the synthesis of hyperbranched polymers as the use of cobaloxime complexes allows
for control over the polymer architecture as well as x-endgroup functionality. An overview
of the synthesis of hyperbranched polymers via the copolymerization of a vinyl and divinyl
monomer is presented, followed with a number of examples of amphiphilic hyperbranched
polymers and their applications.
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Progress in synthetic polymer chemistry has resulted
in an array of new tools to precisely synthesizemacromolecules with a broad variety of architectures,
sizes, and functionality [1]. Of particular interest are
amphiphilic polymers that are able to assemble into
nanostructures in aqueous environment [2,3]. The
emergence of controlled/living radical polymerization has
enabled the synthesis of well-deﬁned linear amphiphilic
N.M.B. Smeets / European Polymer Journal 49 (2013) 2528–2544 2529block-copolymers, containing a hydrophilic stabilizing
block and a hydrophobic associating block [4,5]. The ratio
of the hydrophilic and hydrophobic block governs the
assembly behavior, and these linear amphiphilic polymers
have been studied in great detail for the formation of mi-
celles, veshicles, polymersomes, worms and cylinders
[3,6–10]. Assembly of amphiphilic polymers into aqueous
nanostructures, however, is not limited to linear architec-
tures and consequently the focus has expanded to other
polymer architectures.
Dendritic orbranchedpolymershave received increasing
attentiondue to the broaddiversity of architectures that can
be synthesized. The physiochemical properties of dendritic
polymers are vastly affected by the degree of branching
(i.e. themol fraction of branched units in the polymer topol-
ogy) [11]. The average Zimm branching factor, which is a
measure of the degree of branching, varies from 1 for struc-
turally perfect dendrimers to any value < 1 for branched
polymers. In general, branched polymers are characterized
byahigh solubility, lowsolutionviscosity andahighdensity
of functional groups at the periphery of the molecule [12].
The synthetic variety and the range of physiochemical prop-
erties that can be achieved with branched polymers has en-
abled the design of nanostructured polymeric materials for
emerging applications such as catalysis [13] or gene [14–
17] and drug delivery [18–20]. However, perfectly branched
polymers suffer from elaborate and time-consuming syn-
thesis which has hampered the full exploitation of these
polymeric architectures.
Hyperbranched polymers, despite being irregular and
structurally imperfect macromolecules, possess properties
similar to those of dendrimers but beneﬁt from a more
economic and facile synthesis [12,21]. Hyperbranchedpoly-
mers can be synthesized from a bottom-up (polymerization
of monomers), top-down (degradation of polymeric net-
works) or middle-upon approach (modiﬁcation of hyper-
branched polymeric precursors) [22]. The bottom-up
approach typically consists of the polymerization of multi-
functional ABn monomers (nP 2) with a polymerizable A
group and an initiating B group. Using this synthetic strat-
egy hyperbranched polymers have been synthesized using
polycondensation [23,24], ring-opening polymerization
[25,26], self-condensing vinyl polymerization (SCVP) [21],
living-radical polymerization [27–30], ‘‘click’’ reactions
[31] or the copolymerization of mono- and divinyl mono-
mers in the presence of a chain transfer agent (also referred
to as the ‘‘Strathclyde methodology’’) [32].
The latter methodology is of a particular interest for the
synthesis of hyperbranched polymers as it uses commer-
cially available monomers and chain transfer agents in a
simple one-pot process [32]. The versatility of this method-
ology allows for the synthesis of hyperbranched polymers
using functional (water-soluble) monomers [33–35] and
the use of controlled radical polymerization chemistries
such as catalytic chain transfer (CCT) [36,37], reversible
addition-fragmentation termination (RAFT) polymerization
[35,38] and atom transfer radical polymerization (ATRP)
[39,40]. Consequently, a signiﬁcant number of recent
research contributions have focused on exploring the
synthesis of amphiphilic hyperbranched polymers using
this approach, which forms the main theme of this featurearticle. In particular, the use of CCT as the chain transfer
chemistry will be highlighted. CCT has the advantage that
hyperbranched polymers can be synthesized using minute
quantities of chain transfer agent, a cobalt(II) complex
[41]. This removes the necessity of using signiﬁcant
amounts of toxic thiols which are commonly used for the
synthesis of hyperbranched polymers. Furthermore, cata-
lytic chain transfer results in the formation of macromono-
mers, i.e. polymers carrying a vinylx-endgroup. This opens
up the possibility of post-polymerization endgroup modiﬁ-
cation [42] and therewith the synthesis of more complex
hyperbranched polymers [34,37]. Finally, CCT can be readily
implemented in dispersed phase free radical polymeriza-
tion which allows for the synthesis of hyperbranched poly-
mers in more environmentally benign systems. Excellent
more detailed reviews on CCT and related cobalt chemistry
can be found in previous reviews by the groups of Gridnev
[41,43], Haddleton [44], Davis [45,46] and Heuts [42,47].
Formoredetailed reviewsof the synthesis of hyperbranched
polymers in general the reader is referred to an excellent re-
cent publication by Perrier and co-workers [12] and a book
by Frey and co-workers [22].2. Synthesis of hyperbranched polymers by
copolymerizing mono- and divinyl monomers
A ﬁrst approach to the synthesis of dendritic materials
from free radical polymerization was reported by Fréchet
in 1995 and concerned the polymerization of a vinyl
monomer with a pendant group which can be transformed
into an initiating moiety [21]. This polymerization was
termed self condensing vinyl polymerization (SCVP) and
was ﬁrst demonstrated for the cationic copolymerization
of styrene and 3-(1-chloroethyl)-ethenylbenzene (3CEB).
The 3CEB monomer is a so-called ABn monomer (or inimer)
and consists of a vinyl functionality (A functionality) and a
pendant latent initiating functionality (B functionality)
which is activated by the addition of stannic chloride.
The presence of the ABn monomer induces branching,
which is reﬂected in a continuous increase in both the
weight-average molecular weight (Mw) and the dispersity
(D) as the polymerization proceeds [21]. With the emer-
gence of living radical polymerization chemistries, the
range of ABn monomers suitable for SCVP was extended
considerably. Hawker and co-workers were amongst the
ﬁrst to combine NMP and SCVP using a monomer contain-
ing a TEMPO initiating moiety [28]. Later this methodology
was extended to other living radical polymerization tech-
niques such as ATRP [29,48], RAFT [27,30,49,50] and ‘‘Mac-
romolecular Design via Interchange of Xanthate (MADIX)
[51]. Although the use of living radical polymerization is
preferred to avoid cross-linking reactions and gelation
caused by chain transfer or combination reactions, it suf-
fers from the drawback that special ABn monomers often
have to be synthesized to carry the desired initiating
moiety.
A more generic and facile methodology for the synthe-
sis of hyperbranched polymers is the free radical polymer-
ization of multifunctional vinyl monomers in the presence
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example was the ‘‘cascade polymerization’’ of EGDMA as
reported by Guan [52]. This approach has been extended
to copolymerizations of vinyl and divinyl monomers to im-
prove control over the level of branching [34]. The main
advantage of this methodology is that commercially avail-
able reactants can used in a conventional free radical poly-
merization process.2.1. Thiols
The initial proof of concept was reported in 2000 by
O’Brien and co-workers for the copolymerization of MMA
and 2-ene-1,4-diacrylate (BDA) using 1-dodecanethiol
(DDT) as the chain transfer agent [32]. In the absence of
DDT macrogelation occurs quickly, even in the presence
of relatively small amounts of cross-linker (<1 mol%). How-
ever, once a balancing amount of chain transfer agent is
added to the polymerization, the resulting polymers are
fully soluble in suitable organic solvents (see Fig. 1) [32].
In following years the versatility of the this approach was
illustrated by varying the molecular structure and func-
tionality of the cross-linker [53–55], varying the chain
transfer agent and chain transfer chemistry [35,36,56–
65], and by using dispersed phase free radical polymeriza-
tion processes [36,66,67]. The potential for the synthesis of
functional polymers was demonstrated by Besenius and
co-workers who reported the synthesis of water-soluble
hyperbranched glycopolymers from the copolymerization
of a protected galactose monomethacrylate, EGDMA or
divinyl benzene (DVB) and DDT [33].
The nature of the divinyl monomer plays an important
role in the synthesis of branched polymers. Increasing the
level of divinyl monomer, while simultaneously increasing
the level of chain transfer agent, results in increased branch-
ing and a broadening of the MWD [55]. Furthermore, the
two vinyl bonds of the divinyl monomer differ in reactivity,
which initially results in the formation of polymer chains
with pendant vinyl bonds which subsequently react to in-
duce branching [55]. The effect of the molecular structure
of the divinyl monomer was studied by copolymerizing
MMA and either DVB, ethylene glycol diacrylate (EGDA) or
ethylene glycol dimethacrylates with increasing ethylene
glycol chain length in the presence of DDT [53]. As the eth-
ylene glycol chain in the cross-linker is lengthened, it be-
comes increasingly difﬁcult to prevent macrogelation. Of
the low molecular weight divinyl monomers, EGDMA andFig. 1. Schematic representation of the synthesis of hyperbranched
polymers from the copolymerization of a vinyl and divinyl monomer in
the presence of a chain transfer agent.DVB are the most effective cross-linkers, however, pendant
unreacted vinyl groups remain in the polymer architecture
when EGDMA is used. EGDA demonstrated to be a poor
branching agent and also resulted in pendant vinyl bonds
in the ﬁnal polymer structure [53].
The Sherrington group was also the ﬁrst to demonstrate
the use of the this methodology in dispersed phase free
radical polymerization [66,67]. Hyperbranched polymers
were successfully synthesized in emulsion polymerization
using DVB and benzylthiol (BT) [67]. The hydrophobicity of
the chain transfer agent is an important parameter as mass
transfer limitations can arise for extremely hydrophobic
chain transfers agents such as DDT. Interestingly, branched
polymers could be obtained using much higher molar feed
ratios of monomer/divinyl monomer (i.e. 20 mol% DVB)
when compared to bulk and solution polymerization
[67]. This result is even more remarkable considering that
there is no organic solvent present to dilute the system.
This result was tentatively explained by the mechanistic
difference between bulk/solution and emulsion polymeri-
zation: in emulsion polymerization the radicals are physi-
cally separated (i.e. compartmentalized) and the small
polymer particles often contain only a single radical. This
signiﬁcantly lowers the chance of termination events be-
tween two hyperbranched macromolecules and therewith
increases the amount of divinyl monomer that can be used.
This work was later extended by studying an industrially
relevant suspension polymerization [66]. The maximum
attainable mol ratio of monomer/divinyl monomer is con-
siderably lower due to the fact that suspension polymer-
izations proceed under pseudo-bulk kinetics and
therefore display many similarities to bulk and solution
polymerizations.
2.2. Controlled living radical polymerization
Traditionally, thiols were the chain transfer chemistry
of choice for the synthesis of hyperbranched polymers.
However, enhanced control over the evolution of the
MWD can be attained by using controlled living free radi-
cal polymerization (CLRP) chemistries. Polymerizations
using thiols proceed as a conventional free radical poly-
merization and consequently high molecular weight
chains are obtained at low conversion. When living radical
techniques are used as the chain transfer chemistry, all the
chain are (ideally) initiated simultaneously and grow at the
same rate to reach a mean degree of polymerization dic-
tated by the initiator to monomer ratio. The mechanism
of the polymerization is therefore completely different.
Bannister and co-workers suggested a three stage poly-
merization mechanism based on their analysis of the evo-
lution of the MWD (see Fig. 2) [65].
In the ﬁrst stage, low molecular weight polymers are
formed from the statistical co-polymerization of the mono-
and divinyl monomer. As the monomer concentration is
relatively high in this stage of the polymerization, the
number of potential branch points (i.e. pendant vinyl
bonds) in the polymer is substantially lower than unity
and branching is negligible. The progression in the Mn is
virtually identical to a conventional living radical polymer-
ization (i.e. a linear increase with conversion) and the D of
Fig. 2. Schematic representation of the synthesis of hyperbranched polymers using living radical polymerization as the chain transfer chemistry. With
permission from the American Chemical Society [65].
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the number of branch points per chain has increased sufﬁ-
ciently to allow for some intermolecular branching. The
formation of covalent bonds between individual polymer
chains leads to a deviation from living free radical poly-
merization behavior, in terms of the Mn and D. The third
phase starts at relatively high monomer conversion, which
increases the probability of propagating chain ends react-
ing with pendant vinyl bonds. Chain growth and molecular
weight increase are dominated by the coupling of polymer
chains. The increase in Mn and D is similar to step-growth
polymerizations and increase exponentially with the in-
crease in conversion. This mechanism is very different
from the conventional free-radical polymerizations using
thiols where branching and intermolecular chain coupling
occur from the initial stages of the polymerization.
The Sherrington group reported the synthesis of hyper-
branched poly(MMA-co-EGDMA) using Cu-based group
transfer polymerization (GTP). The polymerizations were
carried out in dry THF using 1-methoxy-1-trimethylsiloxy-
2-methylpropane (MTS) as initiator and n-tetrabutylammo-
nium bibenzoate (TBABB) as catalyst [64]. This work was
extended to the synthesis of water-soluble hyperbranched
polymers by copolymerizing 2-(dimethylamino)ethyl
methacrylate (DMAEMA), 2-(diethylamino)ethylmethacry-
late (DEAEMA) and EGDMA [56]. The use of GTP improved
control over both the primary chain length as well as the
MWD when compared to the use of thiols. Furthermore,
the ‘‘living’’ character of GTP was used to synthesize lin-
ear-branched water-soluble polymers. Linear poly(DMA-EMA) polymers were synthesized using GTP and
subsequently copolymerized with DEAEMA and EGDMA in
the presence of TBABB, yielding a linear-branched topology.
Isaure and co-workers also reported the copolymeriza-
tion of MMA and EGDMA in the presence of a 2,20-bipyri-
dyl(bipy)/Cu(I)Cl/ethyl-2-bromopropionate (EBP) ATRP
initiating system [64]. Completely soluble hyperbranched
polymers could be obtained using approximately 5 mol%
EGDMA and a MMA/bipy/EBP mol ratio of 100/3.1/1.1. A
detailed investigation of the development of branching
was reported by Bannister and co-workers [65]. Soluble
branched poly(2-hydroxypropyl methacrylate) polymers
were obtained provided that the fraction of EGDMA was
sufﬁciently low to maintain fewer than 1 branch point
per primary chain, which was identiﬁed as the gel-point
criterion. Higher fractions of EGDMA quickly result in mac-
rogelation. An analysis of the evolution of the MWD as a
function of the conversion revealed that the ﬁnal degree
of branching is very sensitive to the ﬁnal conversion. This
can be accounted to the step-growth polymerization type
behavior that is observed at high monomer conversion
(stage 3). Furthermore, as the polymerization conditions
approach the gel-point criterion of 1 branch point per
chain, the synthesis of hyperbranched polymers becomes
increasingly irreproducible.
Wang and co-workers [68–71] have synthesized hyper-
branched polymers using in situ deactivation enhanced
atom transfer radical polymerization (DE-ATRP).[72] Vinyl
and divinyl monomers are copolymerized in the presence
of an ATRP initiator and an active Cu(I) complex. Although
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amounts of Cu(II) species to enhance the deactivation reac-
tion rather than by chain transfer [72], the polymerization
and the polymer architecture displays many similarities to
the conventional copolymerization of a vinyl and divinyl
monomer. Of particular interest is the synthesis of hyper-
branched polymers of oligoethylene glycol methacrylate
(OEGMA), EGDMA and a disulﬁde dimethacrylate (DSDMA)
monomer [70]. The disulﬁde groups can be cleaved to yield
free thiols which can subsequently undergo a Michael
addition in situ with pendant vinyl bonds from unreacted
EGDMA units. The ﬁbrous networks formed are thought
to offer a potential avenue for self-curing depots [70].
Theuseof RAFTwasﬁrst reportedbyPerrier and co-work-
ers [38], and consisted of the copolymerization of MMA and
EGDMA mediated by 2-(2-cyanopropyl)dithiobenzoate.
Comparable to the copolymerizations of MMA and EGDMA
mediated by GTP and ATRP, RAFT gives access to more con-
trolled polymer architecture due to the living nature of the
polymerization. Moreover, the endgroup ﬁdelity of the
RAFT-endgroup was demonstrated through the synthesis of
star-like structures. The hyperbranched poly(MMA) poly-
mers were used as macro-RAFT agents and successful chain
extension with styrene was conﬁrmed by a comparison be-
tween the RI and UV signal in SEC. Luzon and co-workers
[35] have synthesized hyperbranched polymers from the
copolymerizationofdiethyleneglycolmethacrylate (M(EO)2-
MA), OEGMA and EGDMA in the presence of a benzyl-4-cya-
no-4-(ethylthiocarbonothioylthio)-pentanoate RAFT agent.
The hyperbranched architecture of the polymers was found
to lower the lower-critical solution temperature (LCST)when
compared to linear analogs. The synthesized hyperbranched
polymers could be aggregated intonanoparticles at tempera-
tures above the LCST, which were successfully visualized by
DLS and TEMmicroscopy [35].
2.3. Catalytic chain transfer polymerization
Catalytic chain transfer (CCT) emerged roughly 30 years
ago as a very efﬁcient chemistry for producing low molec-
ular weight polymers in free radical polymerization
[41,73–78]. In catalytic chain transfer polymerizationScheme 1. Commonly used cobalt(II) complexes in catalytic chain tra(CCTP) low-spin cobalt(II) complexes are used which efﬁ-
ciently catalyze the chain transfer to monomer reaction.
The initial discovery of CCT by Smirnov and Marchenko
was based on the use of cobalt(II) phorphyrins 1 [76], but
these complexes are very sensitive towards hydrolysis
and oxidation. Nowadays, the most commonly used com-
plexes in CCTP are cobaloximes 2 (see Scheme 1). The pres-
ence of BF2 bridges linking the glyoxime ligands has
signiﬁcantly increased the stability and allows handling
of the solid catalyst in aerobic conditions. The most com-
monly used catalyst in the cobaloxime family is bis[(diﬂu-
oroboryl) dimethylglyoximato]cobalt(II) (COBF; 2
R = methyl) which displays high activity and sufﬁcient sol-
ubility in a wide range of solvents [42].
Cobaloximes used in CCT catalyze the chain transfer to
monomer reaction via a two-step radical process (see
Scheme 2) [41–43,45–47,73–89]. First, the active cobalt(II)
complex abstracts a b-hydrogen atom from the propaga-
tion radical, forming a cobalt(III)-H complex and a dead
polymer chain containing a vinyl x-endgroup (referred to
as a macromonomer). In the second step, the cobalt(III)-H
complex reacts with a monomer molecule resulting in
the original active cobalt(II) complex and a monomer rad-
ical capable of propagation [41,47]. The hydrogen abstrac-
tion reaction proceeds through a Co  H  C transition
state [90–92], which can also lead to unwanted cobalt-car-
bon bonding and the formation of stable Co(III)–Rn com-
plexes [79,93–95]. For methacrylates cobalt–carbon
bonding is negligible and has no signiﬁcant effect on the
polymerization [94]. However, for monomers forming sec-
ondary radicals (such as styrene and acrylates) a signiﬁcant
amount of cobalt(II) can be trapped as a cobalt(III)–Rn com-
plex [79,90–92,94–103]. The efﬁciency of CCT is governed
by the hydrogen abstraction in the ﬁrst step of the catalytic
cycle. Depending on the structure of the monomer used in
CCT, b-hydrogen abstraction occurs either at the a-methyl
substituent (for methacrylates, a-methyl styrene, meth-
acrylonitrile) or at the backbone (for acrylates, styrenics,
vinyl acetate, acrylonitrile). Hydrogen abstraction at the
a-methyl substituent is more efﬁcient and monomers con-
taining a a-methyl group are therefore very active in CCT
[41–43,45,47,85].nsfer (CCT) and cobalt-mediated radical polymerization (CMRP).
Scheme 2. Main catalytic cycle for cobaloxime-mediated catalytic chain
transfer.
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molecular weight characteristics: (i) a monomodal molec-
ular weight distribution (MWD), (ii) an (instantaneous)
number-average degree of polymerization (DPn) close to
that predicted by the Mayo equation (Eq. (1)) and (iii) an
(instantaneous) dispersity (D) of 2. The DPn in CCTP is de-
scribed by the Mayo equation (Eq. (1)) [105],
1
DPn
¼ ð1þ kÞ hkti½R

kp½M þ CM þ CT
½Co
½M ð1Þ
where k is the fractionof radicals undergoing terminationby
disproportionation, hkti the chain length-averaged termina-
tion rate coefﬁcient, [R] the overall radical concentration,
[M] the monomer concentration, CM the chain transfer to
monomer constant, [Co] the active catalyst concentration
and CT (deﬁned as ktr/kp, where ktr is the chain transfer rate
coefﬁcient and kp the propagation rate coefﬁcient). The ﬁrst
two terms on the RHS of Eq. (1) are often taken together in a
single term1/DPn,0, whereDPn,0 is the degree of polymeriza-
tionobtained in the absenceof anyCCTagent. Themolecular
weight of the polymer is controlled by the activity of the
chain transfer agent (expressed by CT) and the chain transfer
agent concentration. The tremendous potential of CCT for
molecularweight control arises from thehigh chain transfer
activity of the cobalt complexes. For the polymerization of
methyl methacrylate, CT is in the order of 104 for cobaloxi-
mes [42] compared to approximately 1 for thiols. This illus-
trates that molecular weight control can be achieved using
only ppm quantities of cobalt(II) complex, whereas signiﬁ-
cantly higher amounts of toxic thiol would be required. This
feature also demonstrates the great potential CCT holds for
polymer architecture control.
The ‘‘cascade polymerization’’ of EGDMA provided the
ﬁrst example of cobalt(II) complexes for the synthesis of
hyperbranched polymers [52]. The homopolymerization
of EGDMA in the presence of appropriate levels of COBF
yields trimerization of dimethacrylates which, if followed
by repetitive trimerization, ultimately results in the forma-
tion of hyperbranched polymers. The initial work by Guan
[52] was later extended by McEwan and co-workers
[34,106] who further studied the mechanistic aspects of
the ‘‘cascade polymerization’’. It was shown that the de-
gree of branching can be controlled by copolymerizing
EGDMA with mono- or multivinyl monomers. Further-
more, the molecular weight of the polymers can be con-
trolled by the monomer concentration or by the amount
of COBF added to the polymerization. The resulting hyper-
branched polymers contain a signiﬁcant amount of pen-
dant vinyl bonds which can be end-functionalized using
Michael addition chemistry [107].The potential of CCT for the synthesis of hyperbranched
polymers via the copolymerization of vinyl and divinyl
monomers has been explored by the groups of Estrina
[59–63], Smeets [36,37], Haddleton [34,106] and Sherring-
ton [57,58]. Costello and co-workers [58] reported the
copolymerization of MMA and tripropylene glycol diacry-
late (TPGDA) in the presence of COBF. When compared to
conventional chain transfer agents, the main advantage
of using CCT as the chain transfer chemistry is that mac-
rogelation can be avoided using only minor amounts of
cobaloxime complex. Furthermore, no adverse organic
functionalities are incorporated into the polymer back-
bone. The potential of other cobaloximes for the synthesis
of hyperbranched polymers was further explored by Cam-
erlynck et al. [57] (COPhBF), Smeets et al.
(bis[(diﬂuoro)ethylglyoximato]cobalt(II), COEtBF) [36]
and Kurmaz et al. (cobalt(II) tetramethyl hematoporpho-
ryn-IX) [59–63]. Although the majority of the reports on
architecture control using CCT to date have focussed on
methacrylates, the viability of this method has also been
established for styrene [63] and acrylates [59].
CCT has proven to be a versatile chemistry for molecu-
lar weight control in dispersed phase free radical polymer-
ization [36,108–122]. Since the initial work by Janowicz
[123] roughly 10 years after the initial discovery of CCT,
low molecular weight polymer has been obtained in
microemulsion [114,116], miniemulsion [108,118,122]
and emulsion polymerization [109,112,117,119–121]
(both ab initio and semi-batch) using cobaloximes as chain
transfer agents. CCTP in dispersed phase systems has pro-
ven to be more challenging as the heterogeneous nature of
the polymerization affects the availability of the cobalt(II)
complex as the locus of polymerization [108,117,119,
121]. Most cobaloxime complexes possess some water-sol-
ubility (with the exception of COPhBF) and consequently
these complexes partition in a heterogeneous system. Par-
titioning effectively lowers the cobalt(II) concentration in
the dispersed phase as a fraction of the cobalt(II) will be
present in the aqueous phase. The partition coefﬁcient
(mCo) is given by Eq. (2) [108],
mCo ¼
½Codisp
½Coaq
ð2Þ
where [Co]disp and [Co]aq are the concentrations of cobal-
t(II) in the dispersed phase (i.e. monomer swollen micelles,
polymer particles, monomer droplets) and the continuous
aqueous phase, respectively. The value of mCo in a dis-
persed phase free radical polymerization is governed by
the choice of monomer and cobalt(II) complex [42]. In gen-
eral, an increase in the hydrophobicity of the R-substituent
on the glyoxime ligand of the cobaloxime 2 or the hydro-
philicity of the monomer increases the value of the parti-
tion coefﬁcient.
As a result of partitioning a signiﬁcant part of the added
amount of catalyst resides in the continuous phase, espe-
cially in the case of COBF [108,117,121]. Hence, any predic-
tion of DPn based on Eq. (1) should be based on the catalyst
concentration at the locus of polymerization rather than
the overall cobalt(II) concentration. The effect of partition-
ing on the cobalt(II) concentrations in the continuous and
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and the phase ratio (b, the volumetric ratio of the dispersed
and continuous phase). Taking these effects into account,
we reported a relatively simple modiﬁcation of the Mayo
equation (Eq. (3)) [108] for relating the DPn to the overall
catalyst concentration ([Co]) and the true (microscopic)
chain transfer constant (CT; note that this value may actu-
ally be different to the bulk value because of axial ligand
exchange in water) [108,124]:Fig. 3. Empirical ﬁt of the available literature data. Solid symbols indicate
cross-linked polymer and open symbols indicate hyperbranched polymer.
The dashed line indicates a = 85, the dotted lines indicate a 10%
conﬁdence interval. (s,d) Camerlynck et al. [57] MMA-EGDMA using
COBF in solution polymerization, (h,j) Baudry et al. [67] MMA-DVB
using benzylthiol in emulsion polymerization, (4,N) Chisholm et al. [66]
MMA-EGDA using 1-dodocylthiol in suspension polymerization, (5,.)
O’Brien et al. [32] MMA-BDA using 1-dodecylthiol in solution polymer-
ization, (/,J) Isaure et al.[55] MMA-DVB using 1-dodecylthiol in solution
polymerization, (.,) Kurmaz et al. [60] MMA-EGDMA using cobalt(II)
tetramethyl hematoporphoryn-IX, (},) Smeets et al. [36] MMA-EGDMA
using COEtBF in emulsion polymerization and (pentagons) Smeets et al.
[36] MMA-EGDMA using COBF in emulsion polymerization. Note that for
the Camerlynck data a more representative CT value of 17  103 has been
used [36]. Modiﬁed with permission of the American Chemical Society
[36].DPn ¼
VM½Mp
CT
1
NCo;0
mCobþ 1
mCoðbþ 1Þ
 
1þ 1
b
 
ð3Þ
In this equation VM is the volume of the dispersed phase,
[M]p the monomer concentration in the polymer particles
and NCo,0 the overall amount of catalyst in moles. From Eq.
(3) it can be concluded thatDPn is governed by (i) the choice
of monomer (CT, mCo, [M]p), (ii) the choice of catalyst (CT,
mCo) and (iii) the polymerization recipe (NCo,0, b, VM). This
model has successfully been applied in miniemulsion
[108] and emulsion polymerization [36,109,112] to predict
DPn. From Eq. (3) it follows that in the limiting case where
b?1 (i.e. extremely high solid contents, approaching bulk
polymerization conditions) themodel converges to the clas-
sical Mayo Equation, illustrating the importance of parti-
tioning for molecular weight control.
Recently, we have reported the use of CCT for the syn-
thesis of hyperbranched polymers in emulsion polymeriza-
tion [36]. The effect of partitioning on polymer architecture
control was investigated using cobaloxime complexes with
different water-solubilities (i.e. COBF, COEtBF and COPh-
BF). Partition coefﬁcients for these complexes range from
mCo = 0.72 for COBF [82,108,117,121] to mCo = 19 for COE-
tBF [82,125] and mCo =1 for COPhBF [82,117]. Similar to
the results reported by Baudry and co-workers [67] the
hydrophobicity of the chain transfer agents plays an
important role in polymer architecture control. The two
cobalt(II) catalysts that display partitioning (i.e. COBF and
COEtBF) could be successfully used for the synthesis of
hyperbranched polymers in emulsion polymerization.
However, as for COBF a substantial fraction partitions to-
wards the aqueous phase relatively high cobalt(II) loadings
are required to control the polymer architecture which af-
fects the colloidal stability of the ﬁnal latex [109]. The ex-
tremely hydrophobic COPhBF complex was found unable
to yield hyperbranched polymers in emulsion polymeriza-
tion due to mass transfer limitations [113]. We concluded
that for the synthesis of hyperbranched polymers a cobal-
t(II) complex with a relatively highmCo is required to avoid
mass transfer limitations while preserving the colloidal
stability of the latex [36].
As the interest in hyperbranched polymers increases, it
would be highly advantageous to predict the polymer
architecture (i.e., cross-linked versus hyperbranched)
based on process parameters such as the concentration of
divinyl monomer and type and concentration of chain
transfer agent. Hyperbranched polymers are typically syn-
thesized by balancing the concentrations of cross-linker
and chain transfer agent (CTA). Although this optimization
strategy works for a speciﬁc combination of monomers and
chain transfer agent, it fails when different monomers orchain transfer agents are required. Chain transfer constants
of chain transfer agents can differ by orders of magnitude
depending on the chain transfer agent (e.g., CT  1–10 for
a thiol and CT  104 for a cobaloxime) [42] as well as on
the monomer (e.g., for COBF CT  40  104 for MMA and
CT  8  103 for S) [42]. Such signiﬁcant differences in the
CT will affect the maximum concentration of divinyl mono-
mer that can be copolymerized in the presence of a given
chain transfer agent. Therefore, we suggested another ap-
proach based on the chain transfer frequency (Eq. (4)) [36],
1
DPn
¼ 1
DPn;0
þ ftr
fp
ð4Þ
where ftr is the chain transfer frequency (deﬁned as ktr 
[Co]) and fp is the propagation frequency (deﬁned as kp 
[M]). Expressing the chain transfer activity in terms of ftr
eliminates potential differences between chain transfer
agents in terms of their concentration and intrinsic activity
and provides an equal basis of comparison of chain transfer
mediated polymerizations across different polymerization
systems.
The existing literature on the synthesis of hyper-
branched polymers via the free-radical copolymerization
of vinyl and divinyl monomers (published by the groups
of Sherrington, Estrina and ourselves) has been summa-
rized in Fig. 3. All the reported experiments are plotted
as the chain transfer frequency (in s1) as a function of
the divinyl monomer fraction (in mol% to vinyl monomer).
Solid symbols correspond to experiments which resulted
in macrogelation, whereas open symbols correspond to
experiments which resulted in hyperbranched polymers.
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monomer fraction a minimum ftr threshold value exists
that enables the synthesis of hyperbranched polymers.
Furthermore, the results suggest that a linear relationship
exists between ftr and the divinyl monomer fraction (uX).
It can be estimated that the ratio (a) of the chain transfer
frequency in s1 and the mol fraction of divinyl monomer
in mol% should be above 85 to synthesize hyperbranched
polymers in the free-radical copolymerization of MMA
and a divinyl monomer, see Eq. (5). In other words, the
chain transfer frequency should be sufﬁciently high to pre-
vent cross-linking.
a ¼ ftr
uX
> 85 ð5Þ
Analyzing the synthesis of hyperbranched polymers in
terms of ftr and the divinyl monomer fraction has the
advantage that the polymer architecture and functionality
can be readily predicted. First, the level of branching can be
tuned by choosing a value for a, assuming that the crite-
rion a < 85 is satisﬁed. The level of branching can be deter-
mined from the average Zimm branching factor (g0), which
represents the ratio of the squared gyration radii of
branched and linear polymers of similar molecular
weights. The g’ for a linear polymer by deﬁnition equals
1, whereas for a branched polymer the value of g0 < 1. It
can be seen from Fig. 4 that the value of g’ continuously de-
creases as the value of a approaches 85, in other words the
polymer architecture becomes increasingly branched.
Choosing a value for a thus allows control over the poly-
mer architecture. Second, the degree of x-end functional-
ity can be tuned by choosing the ftr if CCT is used as the
chain transfer chemistry. Although hyperbranched poly-
mers can contain pendant vinyl bonds due to the presence
of large amounts of divinyl monomer (e.g. when EGDMA is
used as was exploited by Saeed and co-workers) [68,70],Fig. 4. Zimm branching factor (g0) as a function of (a) the ratio of the
chain transfer frequency (ftr) and the divinyl monomer fraction (ux). The
dashed line indicates the threshold value between hyperbranched and
cross-linked as determined from an empirical ﬁt of experimental data
(a = 85). Open symbols indicate hyperbranched samples, closed symbols
indicate cross-linked samples. (4,N) Smeets et al. [36] MMA-EGDMA
using COBF in emulsion polymerization and (s,d) Smeets et al. [36]
MMA-EGDMA using COEtBF in emulsion polymerization. The lines are
guide to the eyes. Data taken from reference [36].the use of cobaloximes will certainly increase the mol frac-
tion of vinyl bonds. Choosing a relatively high value for ftr
results in polymer architectures with short primary chains
and a high mol fraction of pendant vinyl groups.
CCT thus offers the advantage of designing hyper-
branched polymers both in terms of the degree of branch-
ing and vinyl x-end functionality. Polymerizations with a
lower than a critical value acrit (i.e. acrit = 85 for MMA) will
result in the formation of cross-linked networks and insol-
uble polymers, independent of the amount of cobaloxime
or divinyl monomer added (Fig. 3). At a relatively low ftr
(i.e. a low cobaloxime concentration) a low degree of vinyl
endgroups is obtained. The amount of divinyl monomer
that can be added to ensure a > acrit is relatively low and
thus a low degree of branching is obtained. At relatively
high ftr the polymer architecture can be tuned using the
amount of divinyl monomer. For a acrit, the synthesized
polymer will have a less branched architecture, however, a
high mol fraction of vinyl x-end groups. For a? acrit, the
polymer will possess both a high degree of branching
and a high mol fraction of functional end groups. This de-
gree of control over the polymeric architecture and func-
tionality makes hyperbranched polymers synthesized
from CCT advantageous building blocks for macromolecu-
lar design as will be demonstrated in the next section.
3. Amphiphilic hyperbranched polymers
3.1. Thiols
A ﬁrst example of amphiphilic hyperbranched polymers
was reported by Graham and co-workers [126], who syn-
thesized block and graft copolymers of methacrylic acid
(MAA) and ethylene glycol (EO). Block copolymers were
obtained from the copolymerization of MAA with a long-
chain (PEG)DMA containing 9–10 EO units. Graft copoly-
mers were synthesized from the copolymerization of
MAA, EGDMA and OEGMA containing 7–8 EO units. In both
examples DDT was used as the chain transfer agent. Con-
sidering that block and graft copolymers are generally syn-
thesized in a multi-step synthesis using living radical
polymerization techniques, this approach offers the advan-
tage of simplicity and a one-pot synthesis.
Weaver and co-workers [127] synthesized hyper-
branched amphiphilic polymers via the copolymerization
of DEAEMA, OEGMA (Mn = 1100 g mol1) and EGDMA in
the presence of either DDT or 1-thioglycerol (TG). The OEG-
MA to DEAEMAmolar ratio was ﬁxed to 95:5 mol% and the
amount of chain transfer agent was at least one molar
equivalent to EGDMA. The hyperbranched poly(DEAEMA-
co-OEGMA-co-EGDMA) polymers are water-soluble and
responsive to pH. The DEAEMA units in the polymer back-
bone contain a tertiary nitrogen atomwith a pKa of approx-
imately 7.3 [128]. Consequently, the polymer architecture
changes from a hydrophilic, fully hydrated and positively
charged material to an amphiphilic core–shell material as
the pH is increased from pH = 2 to pH = 10. The hydropho-
bic core is formed by the aliphatic residues of DDT and the
deprotonated DEAEMA units. The amphiphilic nanoparti-
cles formed at basic pH are roughly 15–45 nm in size as
was concluded from both dynamic light scattering (DLS)
Fig. 5. (a–e) Schematic representation of reversible hierarchical emulsion droplet assembly; (f) light micrograph of dispersed emulsion droplets at high pH;
(g) ‘‘spheroidal’’ assemblies; (h) assembled ‘‘ﬁber’’; (i) templated monolithic assembly; (j) disassembled monolith in (i) 1 min after addition of base; (k) light
micrograph of (j). Reproduced with permission of Wiley [130].
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these materials could be used to release a hydrophobic
molecule (pyrene) as a function of the solution pH and
the extent of release could be tuned by varying the degree
of branching and the hydrophobicity of the chain transfer
agent [127].
In a follow-up study, Cambon and co-workers [129] re-
ported the synthesis of amphiphilic hyperbranched poly-
mers using N-isopropylacrylamide (NIPAAm) as a
thermoresponsive monomer, instead of the pH-responsive
DEAEMA. Poly(NIPAAm) is a water-soluble polymer but be-
comeswater-insoluble as the temperature exceeds the LCST
of approximately 32–33 C. Comparable to the hyper-
branched poly(DEAEMA-co-OEGMA-co-EGDMA), no com-
plete structural analysis in terms of the MWD and the
degree of branching could be reported. The complex compo-
sition and architecture of these hyperbranched polymers
makes detailed SEC analysis extremely difﬁcult [129].When
compared to linear polymers (i.e. polymerized in the ab-
sence of EGDMA), theMWDof the hyperbranched polymers
is broader and has shifted to highermolecular weights. Fur-
thermore, the Mark-Houwink a-values of the hyper-
branched polymers are lower than a comparable linear
sample, indicating more compact and thus branched struc-
tures. The hyperbranched poly(NIPAAm-co-OEGMA-co-
EGDMA) are water-soluble and can form amphiphilic
core–shell materials based on an increase in the tempera-ture. These materials, however, did not show the conven-
tional LCST behavior typically observed for NIPAAm based
materials. This deviation was accounted to the statistical
distribution of NIPAAm and consequently the relatively
short NIPAAm sequences throughout the polymer architec-
ture. The LCST of NIPAAm oligomers varies signiﬁcantly
with chain length and consequently no clean LCST behavior
can be expected from the hyperbranched structures. There-
fore it was concluded that the observed temperature-in-
duced transitions predominantly originated from
hydrophobicunits fromthe chain transfer agent and to a les-
ser extent from the thermoresponsive monomer.
Amphiphilic hyperbranched polymers have been used as
stabilizers for hierarchical and reversible emulsion droplet
assembly (see Fig. 5) [130]. Amphiphilic hyperbranched
poly(MAA-co-OEGDMA-co-EGDMA) polymers synthesized
in the presence of DDT were found to stabilize dodecane-
in-water emulsions. These polymers can provide both steric
and electrostatic stabilization in basic environment and
formmultiplehydrogenbonds in acidic environment. Excel-
lent droplet stability was obtained for dodecane in water
(pH = 10) emulsion (Fig. 5 f, average droplet diameter
9.2 lm, span 1.18 lm), accounted to the interactions of
the multiple dodecane chain ends from the chain transfer
agent (approx. 11 mol%) at the periphery of themacromole-
cule. Titration of acid protonates the carboxylic acid groups
and induces hydrogen bonding between the protonated
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between the polymers on the droplet surfaces induces ki-
netic trapping of the droplets into controlled geometries
(Fig. 5a–e) such as ‘‘spheroidal’’ (Fig. 5g) and ‘‘ﬁber’’ assem-
blies (Fig. 5h). Since the hydrogen bonding is triggered by a
change in pH, the droplet assembly is reversible. An assem-
bled monolith (Fig. 5i) constructed from the HCl titration of
a dodecane in water emulsion (oil volume fraction = 0.68)
can be completely disassembled by the addition of base
(Fig. 5j). The individual droplets stabilized by the amphi-
philic hyperbranched polymers maintain their original
shape and size during the process (Fig. 5k). This methodol-
ogy has been exploited to engineer different emulsions
including ‘‘macro-Janus’’ assemblies that can be assembled
and dissembled on-demand [130].
3.2. Controlled living radical polymerization
Bütün and co-workers [56] synthesized linear-branched
poly(DEAEMA-co-(DMAEMA-co-EGDMA)) polymers using
GTP that can become amphiphilic by changes in the pH.
These hyperbranched polymers have a core–shell struc-
ture, consisting of a branched poly(DMAEMA-co-EGDMA)
core and a linear poly(DEAEMA) shell. At low pH (<4.0)
the tertiary amines of DEAEMA and DMAEMA are proton-
ated and positively charged. However, an increase in the
pH to 7.5, causes deprotonation of the tertiary amines of
DMAEMA. The core of the polymer switches from hydro-
philic to hydrophobic and this amphiphilicity within the
hyperbranched polymer causes micellization. The
poly(DEAEMA) stabilized micelles formed from the lin-
ear-branched polymers were relatively large and polydis-
perse. The polydispersity of the micelle structures proved
to be dependent on the structure of the corona. Linear-
branched polymers proved to be yield more monodisperse
micelles than branched-branched polymers [56].
He and co-workers [40,131] used ATRP for the synthesis
of branched nanoparticles. A well-deﬁned linear poly(OEG-Fig. 6. (a) Schematic synthesis of branched nanoparticles and (b) anisotropic
Chemical Society [131].MA) polymer was synthesized using ATRP in 2-propanol/
water. These macroinitiators were subsequently copoly-
merized with n-butyl methacrylate (BMA) and EGDMA to
form an amphiphilic hyperbranched structure (see
Fig. 6a). The EGDMA to initiator molar ratio is crucial and
has to be maintained <1:1 to ensure branching of the
BMA core. Upon dialysis in water, a core–shell nanoparticle
forms consisting of a hydrophobic cross-linked poly(BMA-
co-EGDMA) core and a hydrophilic poly(OEGMA) corona.
This synthesis was extended to the use of di- and trifunc-
tional ATRP initiators which results in the formation of
two or three poly(BMA-co-EGDMA) cores attached by a
single poly(OEGMA) chain. The spherical (monofunctional
initiator), dumbbell-like nanoparticles (difunctional initia-
tor) and the tripartite (trifunctional initiator) were ana-
lyzed by TEM analysis to quantify the efﬁciency of the
syntheses [131]. The successful synthesis of the dumb-
bell-like and tripartite nanoparticles was conﬁrmed (see
Fig. 6b). A disulﬁde-cleavable difunctional initiator was
used to allow for separation of the two cores after the syn-
thesis of dumbbell-like nanoparticles. Analysis showed
that indeed the vast majority of the dumbbell-like nano-
particles are attached by a single poly(OEGMA) chain. To
further illustrate this, the authors used the free thiols orig-
inating from the cleaved initiator to bind gold nanoparti-
cles to the hyperbranched polymers [131]. The degree of
shape control is imperfect as the two and three core shapes
are accompanied by the formation of lower order struc-
tures. Nevertheless, this methodology gives access to well
deﬁned nanostructures which would be difﬁcult to achieve
using conventional synthesis, assembly or cross-linking
strategies.
In a very recent contribution the group of Rannard re-
ported the rapid nanoprecipitation of amphiphilic hyper-
branched polymers [132]. 2-Hydroxypropyl methacrylate
(HPMA) and EGDMA are copolymerized via ATRP to yield
water-soluble hyperbranched polymers. These polymers
are dissolved in acetone and subsequently subjected to abranched nanoparticles. Reproduced with permission of the American
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water (40 C). Removal of the acetone yielded stable aque-
ous dispersion of branched nanoparticles. The branched
nanoparticles are of controllable size (approx. 60–
800 nm), driven by the primary chain length and the
precipitation conditions. Moreover, the polymer architec-
ture proved very important in controlling the long-term
stability of these materials.
3.3. Catalytic chain transfer polymerization
Although CCT was initially investigated for its potential
to efﬁciently synthesize low molecular weight polymers in
free radical polymerization, the macromonomers produced
quickly gained interest for macromolecular design [42].
The vinyl x-endgroup of macromonomers 4 can be used
in a secondary polymerization step or in a post-polymeri-
zation modiﬁcation step to design end-functionalized,
block and/or graft co-polymers (Scheme 3).
Methacrylic macromonomers 4 can be copolymerized
with methacrylic monomers to form telechelic or block-
copolymers 5. The CCT derived macromonomer acts as a
chain transfer agent and the polymerization proceeds via
an addition-fragmentation chain transfer (AFCT) process
[133–136]. Alternatively, copolymerization of methacrylic
macromonomers with acrylates or styrenics results in aScheme 3. Overview of endgroup modiﬁcation strategies of mcompletely different copolymerization behavior and the
formation of graft-copolymers [137,138]. This chemistry
has been mostly employed in the ﬁeld of waterborne coat-
ings for the synthesis of polymeric stabilizers and poly-
meric binders. Recently, poly(styrene-co-maleic
anhydride) poly(S-co-MA) macromonomers have been
co-polymerized with styrene and butyl acrylate to yield
graft-copolymers [139].
The most popular vinyl x-endgroup modiﬁcation of
macromonomers are thiol–ene ‘‘click’’ reactions [140], in
particular the base/nucleophile catalyzed thio-Michael
addition 7. This thiol–ene reaction has received a signiﬁ-
cant amount of attention as the reaction proceeds under
mild conditions, is tolerant to a range of functional groups
both on the ene substrate and the thiol reactant and the
desired polymer is obtained in high yields with minimal
by-product formation [141]. Haddleton and co-workers
were the ﬁrst to utilize the thiol-Michael addition for the
end-group modiﬁcation of CCT-derived branched poly(eth-
ylene glycol dimethacrylate) poly(EGDMA) polymers using
an alkylthiol [106]. This post-polymerization modiﬁcation
has since been utilized to end-functionalize both branched
poly(EGDMA) [34,106] and linear methacrylate macromo-
nomers such as poly(MMA) [141], poly(2-hydroxyethyl
methacrylate) poly(HEMA) [141], poly(diethylene glycol
methacrylate) poly(M(EO)2MA) [107,142], poly(oligoacromonomers synthesized by catalytic chain transfer.
Fig. 7. Synthesis of amphiphilic poly(MMA-co-EGDMA)-b-DEX block-copolymers from a three step synthesis including the synthesis of a hyperbranched
macromonomer, Thiol-Michael addition and reductive amination. Reproduced with permission of RSC Publishing [37].
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poly(glycidyl methacrylate) poly(GMA) [143] with a range
of different functional groups. Soeriyadi and co-workers
investigated the effect of the solvent polarity, base type
and temperature and demonstrated that full conversion
of the vinyl group can be obtained by performing the
thiol-Michael addition in DMSO using a tertiary amine
base [142]. Nurmi et al. synthesized glycopolyers from a
combination of thiol–ene Michael addition and Huisgens
cycloaddition [144]. Due to the mild reaction conditions
and the tolerance to water, thiol-Michael additions can
be used for bioconjugation. Slavin and co-workers demon-
strated the bioconjugation of a poly(diethylene glycolmethacrylate-co-allyl methacrylate) poly(M(EO)2MA-co-
AMA) macromonomer to a-keratine [145]. Disulﬁde bonds
on the protein were cleaved to free thiol groups using
ammonium thioglycolate, which also assists in the subse-
quent conjugation of the poly(M(EO)2MA-co-AMA)
macromonomer. Besides successful pegylation of the pro-
tein, the pendant allyl groups are available to further mod-
iﬁcation using thiol–ene chemistry [145].
The re-emerging interest in macromonomers has re-
cently resulted in a number of other post-polymerization
modiﬁcations. Sanders and co-workers reported the synthe-
sis of stereo block-copolymers from a combination of CCT
and anionic polymerization 8 [146]. The same group also
Fig. 8. 1H NMR spectra of the poly(MMA-co-EGDMA)-b-DEX polymers in
D2O (top), CDCl3 (middle) and DMSO (bottom). Reproduced with
permission of RSC Publishing [37].
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from the oxidation of an oligo(MMA) dimer in the presence
of meta-chloroperbenzoic acid [147]. Rhodium catalyzed
hydroformylation in super critical carbon dioxide has also
been used to successfully convert the pendant vinyl bonds
of poly(MMA), poly(styrene) and poly(styrene-co-a-methyl
styrene) macromonomers (Mn  2000 g mol1) into a pen-
dant aldehyde functionality 10 [148,149]. The aldehyde
end-functionalized polymers were obtained in high yields
and high chemoselectivity, irrespective of the position of
the double bond (internal or external as dictated by b-
hydrogen abstraction in CCT chemistry). A ﬁnal interesting
pathway formacromonomermodiﬁcationwas also demon-
strated by Sanders and co-workers and involves the use of
Diels–Alder chemistry as was demonstrated on poly(S-co-
MA) macromonomers [139].
Recently we reported the synthesis of amphiphilic
hyperbranched polymers, exploiting the vinyl x-endgroup
of macromonomers [37]. We synthesized a hyperbranched
polymer via the copolymerization of MMA and EGDMA
mediated by COBF as the chain transfer agent. In a second
step we attached a polysaccharide to the hyperbranched
polymer through endgroup modiﬁcation of the vinyl x-
endgroups. The amphiphilic block-copolymer polymers
resemble the structural orientation of a core cross-linked
micelle, consisting of a hydrophobic hyperbranched core
decorated with a hydrophilic shell. This synthetic strategy
has two advantages: First, the synthesis of a hydrophobic
hyperbranched polymer as the core using conventional vi-
nyl monomers allows for detailed characterization of the
polymer composition and architecture. Second, the core
polymer can serve as a scaffold for click chemistry, due
to the presence of pendant vinyl x-endgroups from CCT.
This increases the range of amphiphilic macromolecules
that can be synthesized as small molecules, synthetic poly-
mers and biopolymers can be attached to the core. The ver-
satility of this approach will be demonstrated for a
poly(MMA-co-EGDMA) core decorated with a dextran
(DEX) corona (see Fig. 7).The ﬁrst step in the synthesis of amphiphilic hyper-
branched polymers consists of the COBF-mediated poly-
merization of MMA and EGDMA. The hyperbranched
poly(MMA-co-EGDMA) cores were designed according to
the empirical correlation discussed in the previous section.
Different polymer architectures were successfully synthe-
sized by varying both the amount of COBF added (i.e. the
degree of vinyl x-endgroups) and the value of a (i.e. the
degree of branching). The synthesized hyperbranched
poly(MMA-co-EGDMA) polymers were subsequently mod-
iﬁed by a combination of Thio-Michael addition and reduc-
tive amination to introduce the hydrophilic DEX corona
(see Fig. 7). The poly(MMA-co-EGDMA)-b-DEX polymers
were analyzed by 1H NMR to provide evidence of the com-
position and structure of the copolymer (see Fig. 8). NMR
analysis was performed in three solvents that selectively
solubilize the core (CDCl3), the shell (D2O) and the entire
block-copolymer (DMSO). The spectrum obtained in DMSO
clearly shows the presence of both the synthetic polymer
and the polysaccharide and conﬁrms the successful syn-
thesis of the amphiphilic copolymer. The spectra obtained
in CDCl3 and D2O conﬁrm the formation of a core–shell
structure. Furthermore, the weak signal of the methoxy
protons of the core polymers in CDCl3 demonstrates that
the polymer structure is rigid and that the core–shell mor-
phology cannot invert. The poly(MMA-co-EGDMA)-b-DEX
polymers thus show similarity to core cross-linked
micelles.
The molecular properties of the poly(MMA-co-EGDMA)
hyperbranched core proved to govern the colloidal proper-
ties of the poly(MMA-co-EGDMA)-b-DEX colloidal suspen-
sions. In the absence of any charges on the polymer, the
colloidal stability of the polymers is dependent solely on
steric stabilization by the DEX corona. Consequently, a
mol fraction of vinyl bonds higher than 5 mol% (i.e.
ftr > 500 s1) is required to attach sufﬁcient amounts of
DEX to render the poly(MMA-co-EGDMA)-b-DEX polymers
colloidally stable in aqueous environment. Stable poly
(MMA-co-EGDMA)-b-DEX suspensions resulted in nano-
particles with an average particle sizing ranging from 20
to 200 nm. The width of the particle size distribution
(PSD) is governed by the degree of branching and the
width of the MWD. The core–shell morphology of the
poly(MMA-co-EGDMA)-b-DEX polymer was nicely visual-
ized by TEM imaging.4. Conclusion and outlook
The copolymerization of vinyl and divinyl monomers in
the presence of a chain transfer agent has great potential
for the synthesis of amphiphilic hyperbranched polymers,
as it provides a simple, versatile and scalable synthesis
route. Furthermore, this methodology can be readily com-
bined with controlled (CCT) and living radical techniques
(GTP, ATRP and RAFT) to achieve improved control over
the polymer architecture, such as linear-branched and
core–shell topologies.
Amphiphilic hyperbranched polymers are readily acces-
sible from by the copolymerization of hydrophilic or
responsive monomers using thiols. The hydrophobic thiol
N.M.B. Smeets / European Polymer Journal 49 (2013) 2528–2544 2541fragments induce the amphiphilic character of the macro-
molecule. More advanced approaches include the use of
ATRP where hydrophilic linear polymers can be copoly-
merized with hydrophobic monomer and cross-linker in
a second polymerization step. These amphiphilic polymers
can be used as polymeric stabilizers for engineered emul-
sions or for the synthesis of (responsive) nanoparticles.
CCT holds great potential for the synthesis of amphi-
philic hyperbranched polymers, as this chain transfer
chemistry only requires minor amounts of cobaloxime
complex to prevent macrogelation and no adverse organic
functionalities are incorporated into the polymer back-
bone. The polymer architecture can be controlled by a sim-
ple empirical correlation relating the chain transfer
frequency and the divinyl monomer concentration. Fur-
thermore, the chain transfer frequency also governs the
degree of endgroup functionality, which is valuable for
post-polymerization modiﬁcation. The presence of vinyl
bonds at the periphery of the hyperbranched polymers al-
lows for the sequential polymerization or ‘‘click’’ chemistry
for the synthesis of block-copolymers. The viability of this
approach was demonstrated through the synthesis poly
(MMA-co-EGDMA)-b-DEX polymers which in aqueous
media resemble the structural orientation of core cross-
linked micelles.Acknowledgements
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